EPIGENETIC REGULATION OF MEMORY FORMATION: IS THE CIRCADIAN CLOCK INVOLVED?
===========================================================================

"Epigenetics" literally means "above genetics." It is defined as the study of heritable changes in gene expression that does not involve any change to the DNA sequence. Such changes in gene expression can be brought about by a variety of mechanism that involves a combination of post-translational modifications of histones, remodeling of chromatin, incorporation of histone variants, or methylation of DNA on CpG islands. Histone acetylation is a mark for activation of transcription, which is achieved by remodeling the chromatin to make it more accessible to the transcription machinery ([@B21]). Histone methylation, on the other hand, acts as a signal for recruitment of chromatin remodeling factors which can either activate or repress transcription. DNA methylation leads to compaction of the chromatin and causes gene silencing. Many of these epigenetic events are crucial in brain function ([@B38]).

Transcription of genes is critical in synaptic plasticity and establishment of long-term memory. The role of histone modifications and DNA methylation has been elucidated in memory formation ([@B6]; [@B10]). CREB-binding protein (CBP) is a well characterized histone acetyltransferase (HAT) that is recruited by CREB and plays a role in learning and memory. Several mouse models harboring mutations in CBP have been generated and all of them have demonstrated varied defects in learning and memory ([@B6]). Demonstrating the importance of DNA methylation, impairment in memory was also observed in mice deficient in DNA methyltransferase (DNMT) 1 and DNMT 3a in the forebrain excitatory neurons ([@B16]).

A time-of-day effect is observed in memory formation, thereby linking the circadian clock to this biological process ([@B19]). Long-term potentiation (LTP) in the hippocampus has been demonstrated to undergo circadian changes ([@B5]; [@B8]). Arrhythmic per^0^ mutant *Drosophila melanogaster* have defects in long-term memory formation ([@B36]). Interestingly, phosphorylation of mitogen-activated protein kinase (MAPK) displays rhythmicity in the hippocampus and inhibition of this oscillation leads to impairment in the persistence of long-term memory ([@B13]).

Circadian clocks are present in almost all the tissues in mammals. The master or "central" clock is located in the hypothalamic suprachiasmatic nucleus (SCN) containing 10--15,000 neurons. "Peripheral clocks" are present in almost all other mammalian tissues, such as liver, heart, lung, and kidney where they maintain circadian rhythms and regulate tissue-specific gene expression. There is evidence that a functional clock exists in many parts in the brain, including the hippocampus. Suggesting the presence of an autonomous clock, *Per2* expression was found to be rhythmic in isolated hippocampus ([@B37]). What remains to be determined is whether the genes involved in memory formation are regulated by the circadian clock.

THE CLOCK MACHINERY
===================

The molecular machinery that regulates circadian rhythms comprises of a set of genes, known as "clock" genes, the products of which interact to generate and maintain the rhythms. A conserved feature among many organisms is the regulation of the circadian clock by a negative feedback loop ([@B35]). Positive regulators induce the transcription of clock-controlled genes (CCGs), some of which encode proteins that feedback on their own expression by repressing the activity of the positive regulators. CLOCK and BMAL1 are the positive regulators of the mammalian clock machinery which regulate the expression of the negative regulators: cryptochrome (*CRY1* and *CRY2*) and period (*PER1*, *PER2*, and *PER3*) families. CLOCK and BMAL1 are transcription factors that heterodimerize through the PAS domain and induce the expression of CCGs by binding to their promoters at E-boxes (CACGTG). Once a critical concentration of the Per and Cry proteins is accumulated, these proteins translocate into the nucleus and form a complex to inhibit CLOCK--BMAL1 mediated transcription, thereby closing the negative feedback loop. In order to start a new transcriptional cycle, the CLOCK--BMAL1 complex needs to be de-repressed through the proteolytic degradation of Per and Cry. Some CCGs are transcription factors, such as albumin D-box binding protein (DBP), RORα, and REV-ERBα, which can then regulate cyclic expression of other genes. DBP binds to D-boxes \[TTA(T/C)GTAA\], whereas RORα and REV-ERBα bind to the *Rev-Erb/ROR*-binding element, or RRE \[(A/T)A(A/T)NT(A/G)GGTCA\]. Approximately 10% of the transcriptome displays robust circadian rhythmicity ([@B1]; [@B31]). Interestingly, most transcripts that oscillate in one tissue (e.g., SCN) do not oscillate in another (e.g., liver; [@B1]; [@B31]; [@B27]; [@B24]). Further research is required to identify the genes that display rhythmicity in its expression in other areas of the brain and are involved in memory formation.

EPIGENETICS AND CLOCK GENES
===========================

Genes encoding circadian clock proteins are regulated by epigenetic mechanisms, such as histone phosphorylation, acetylation, and methylation, which have been shown to follow circadian rhythm ([@B9]; [@B14]; [@B33]; [@B24]). Exposure to light causes rapid phosphorylation of Histone 3 on Serine 10 (H3-S10) in the SCN. This phosphorylation parallels induction of immediate early genes such as *c-fos* and *Per1*, thereby indicating that light-mediated signaling can regulate circadian gene expression by remodeling the chromatin ([@B9]).

CLOCK:BMAL1 mediated activation of CCGs has been shown to be coupled to circadian changes in histone acetylation at their promoters ([@B14]). The central element of the core clock machinery, the transcription factor CLOCK, also possesses intrinsic HAT activity ([@B11]). Since CLOCK binds to E-box regions of DNA, the HAT activity of CLOCK can selectively remodel chromatin at the promoters of CCGs. The HAT function of CLOCK is essential for circadian gene expression. The enzymatic activity of CLOCK also allows it to acetylate non-histone substrates such as its own binding partner, BMAL1 ([@B20]). CLOCK specifically acetylates BMAL1 which facilitates CRY-dependent repression. Histone methylation is also important for circadian gene expression. MLL1, a methyltransferase that methylates histone H3 at lysine 4 (H3-K4) associates with CLOCK, and get recruited to promoters of CCGs in a circadian manner ([@B22]). H3-K4 methylation at these promoters also displayed rhythmicity ([@B22]). These findings underscore the importance of epigenetic mechanisms in circadian regulation and reveal the molecular pathways by which such essential control is achieved (**Figure [1](#F1){ref-type="fig"}**).

![**Epigenetic regulation of gene expression by circadian clock.** CLOCK can acetylate histones to induce gene expression. CLOCK interacts with MLL1 (a histone methyltransferase) and SIRT1 (a deacetylase).These epigenetic regulators can modify the chromatin according the environmental stimuli, such as nutrient availability. Furthermore, REV-ERBα, a clock-controlled gene, can cause recruitment of HDAC3 and deacetylate histones. Circadian regulation of either the expression or the activity of these epigenetic regulators determines whether the gene gets turned "ON" or "OFF."](fnmol-05-00037-g001){#F1}

The regulatory function of REV-ERBα is controlled by the nuclear receptor corepressor 1 (NCoR1), a corepressor that recruits HDAC3, a histone deacetylase, to mediate transcriptional repression of target genes, such as *Bmal1*. When the NCoR1-- HDAC3 association is genetically disrupted in mice, circadian and metabolic defects develop ([@B3]). These mice demonstrate a shorter period, increased energy expenditure and are resistant to diet-induced obesity ([@B3]). HDAC3 recruitment to the genome was recently shown to be rhythmic in liver (high during the day and low at night; [@B15]). At these HDAC3 binding sites, REV-ERBα and NCoR1 recruitment were in phase with HDAC3 recruitment, whereas histone acetylation and RNA Polymerase II recruitment were anti-phasic. Although the circadian recruitment of HDAC3 has not been demonstrated in brain, it is interesting to note that inhibition of HDAC3 leads to enhancement of long-term memory formation ([@B25]). These results raise the possibility that HDAC3 might be a key player in the integration of histone modification, circadian clock, and memory formation (**Figure [1](#F1){ref-type="fig"}**).

SIRT1: A POSSIBLE MEDIATOR OF CIRCADIAN RHYTHMS AND MEMORY FORMATION
====================================================================

ROLE OF SIRT1 IN REGULATION OF CIRCADIAN RHYTHMS
------------------------------------------------

The finding of a circadian HAT opened the search for a counterbalancing histone deacetylase (HDAC). Recently, SIRT1 was identified to be a critical modulator of the circadian clock machinery ([@B4]; [@B29]). SIRT1 belongs to the family of sirtuins, which constitutes the so-called class III of HDACs. These are the only HDACs whose enzymatic activity is NAD^+^-dependent, and that has been directly linked to the control of metabolism and aging ([@B7]). Histone H3 Lys9 and Lys14 at circadian promoters, BMAL1 and PER2 are specific targets of SIRT1. The CLOCK--BMAL1 complex interacts with SIRT1 and recruits it to the circadian promoters. Importantly, circadian gene expression and BMAL1 acetylation are compromised in liver-specific SIRT1 mutant mice ([@B29]). These findings led to the concept that SIRT1 operates as a rheostat of the circadian machinery, modulating the amplitude and "tightness" of CLOCK-mediated acetylation and consequent transcription cycles ([@B29]; **Figure [1](#F1){ref-type="fig"}**).

Circadian oscillation of SIRT1 activity suggested that cellular NAD^+^ levels may also oscillate. Circadian clock controls the expression of nicotinamide phosphoribosyltransferase (NAMPT), a key rate-limiting enzyme in the salvage pathway of NAD^+^ biosynthesis ([@B30]; [@B32]). The rhythmicity in the expression of this enzyme drives the oscillation in NAD^+^ levels ([@B30]; [@B32]). CLOCK, BMAL1, and SIRT1 are recruited to the *NAMPT* promoter in a circadian time-dependent manner. The oscillatory expression of *NAMPT* is abolished in *clock/clock* mice, which results in drastically reduced levels of NAD^+^ in MEFs derived from these mice ([@B30]). These results make a compelling case for the existence of an enzymatic/transcriptional feedback loop, wherein SIRT1 regulates the levels of its own cofactor. Interestingly, mice deficient of NAD^+^ hydrolase CD38 displayed altered rhythmicity of NAD^+^. Very high levels of NAD^+^ in tissues such as the brain and liver have been reported in the CD38-null mice ([@B2]). The high, chronic levels of NAD+ results in several anomalies in circadian behavior and metabolism ([@B34]). CD38-null mice display a shortened period length of locomotor activity and alteration in the rest-activity rhythm ([@B34]). The question that still remains is whether NAD^+^ levels oscillate in the SCN or in other parts of the brain, such as hippocampus.

PROTECTION FROM NEURODEGENERATION BY SIRT1
------------------------------------------

The finding that SIRT1 acts as a rheostat of circadian acetylation is of interest as it may be linked to other, recently described functions of this regulator in aging and neurodegeneration ([@B17]). SIRT1 was shown to deacetylate and coactivate retinoic acid receptor β (RARβ), which leads to induction of the expression of *Adam10*, a gene that encodes α-secretase ([@B12]). Cleavage of the amyloid precursor protein by α-secretase prevents the production of the toxic amyloid β peptides that cause Alzheimer's disease (AD). Thus, SIRT1 appears to have a neuroprotective role ([@B12]). SIRT1 also deacetylates tau and prevents tauopathy that is evident in several neurodegenerative diseases ([@B28]). Moreover, treatment with SIRT1 activator resveratrol or ectopic expression of SIRT1 was shown to prevent neuronal cell death ([@B23]).

SIRT1 AND MEMORY FORMATION
--------------------------

Recent reports suggest that SIRT1 also plays a major role in synaptic plasticity and memory formation ([@B18]; [@B26]). Brain-specific SIRT1 mutant mice ([@B18]) or the whole body SIRT1 knockout mice ([@B26]) displayed defects in learning and memory. Brain-specific SIRT1 mutant mice display lower levels of CREB protein expression in the hippocampus ([@B18]). CREB expression was found to be downregulated by a microRNA, miR-134. SIRT1 negatively regulates the expression of miR-134, and thus, in turn, regulates CREB expression ([@B18]). miR-134 overexpression in the hippocampus mimics the loss of SIRT1, whereas knocking down miR-134 in hippocampus ameliorates memory defects in the SIRT1 mutant mice ([@B18]). If SIRT1 activity is rhythmic in the hippocampus (as it is in the liver), it will be interesting to determine whether the circadian clock can modulate CREB expression through SIRT1.

CONCLUSION
==========

The importance of epigenetic events is becoming clear in the regulation of circadian rhythms and memory. Current data suggests that many epigenetic regulators themselves are regulated in a circadian manner, at least in some tissues. The challenge ahead is to understand whether these epigenetic events follow a rhythmic pattern in tissues that are involved in the process of learning and memory, such as hippocampus, cortex, and amygdala.
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